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Abstract 
During the development of new materials for battery production the produced materials have to be evaluated. Usually several single-layer 
battery cells of the developed material are assembled manually and characterized electrochemically. The results depend very largely on the 
manual assembly where an amount of random deviations tolerances affect the performance of the product (e.g. alignment of the electrodes or 
electrolyte filling). 
In this contribution possible sources of errors of the manual assembly are analyzed and a conceptual design of a new assembly system for a 
variant flexible and size-adapted automated system for the use in compact environments is created. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction and motivation 
1.1. Motivation  
In order to increase the capacity, performance and cost of 
new battery systems, the capabilities of active materials have to 
be increased. This objective includes a number of research 
activities, especially in the material research and electrode 
processing. To develop new materials, a number of pre-
development in the development phases steps can be performed. 
In order to check the interaction of all process steps from 
material research and processing test cells of the processed 
material are usually made (“full-cells”). The processed anode 
and cathode is assembled and an electrochemical 
characterization and performance tests are conducted. 
Figure 1 shows the process steps that are necessary to create 
a lithium-ion based battery cell. The important steps of 
electrode processing are the material, particle treatment, 
mixing, coating, drying and calendaring. These steps have a 
major influence on the final battery cell and its electrochemical 
performance. For the evaluation of a process candidate of 
electrode production the materials are created with different 
process parameters. From these material a test cell is assembled 
manually. The manual assembly process for material evaluation 
is subjected to restrictions. The major problem is the 
uncontrollable reproducibility of manual work, which results in 
deviations of the electrochemical performance of the test cell 
due to a non-capable manual assembly process. For a quick and 
focused research evaluation of new materials, such as silicon 
anodes, has to be fast and efficient.  
1.2. Target of this work 
The manual assembly of battery cells for research purposes 
includes many random effects caused by the influence of human 
caused imperfectness and a varying efficiency. This paper gives 
a brief introduction to electrode processing and established 
methods of testing. The focus of the paper is set to the assembly 
of prototypic electrodes to a full cell. Here are possible errors to 
the evaluation of the material due to errors of the assembly 
identified. Based on this information automated solutions are 
proposed and weighted. Finally, a proposal for the design of an 
automated system for the evaluation of materials for battery 
research is made and discussed. 
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2. Introduction to electrode processing and common 
approaches of testing 
2.1. Process chain lithium-ion battery development 
Figure 1 shows the process chain of lithium-ion production 
for test cells. The process can be divided in three section 
electrode production, cell assembly and electrochemical 
characterization.  
The electrode production begins with the materials that form 
the electrochemical active and conducting part of the electrode. 
The particle treatment includes shearing and conditioning the 
material. The material is added with solvents and additives 
which is mixed afterwards. This created slurry is coated to a thin 
copper or aluminum foil (current collector). The coated foil is 
calendared in order to compact the material and modify the 
porous structure.  
After the electrode production is finished the test cell 
assembly can be performed. From the processed electrode 
single sheets of electrodes are tailored and then vacuum dried 
in an oven to remove possible remaining of solvent or humidity. 
The anode is usually tailored bigger than the cathode in order to 
prevent lithium plating later on and reduce errors of the 
positioning. After this the electrodes are assembled to a 
package. The package consists of the anode, cathode and a 
separator. The electrodes of the package are bonded to an 
external conductor. The package then is put into a housing, gets 
filled with electrolyte and is sealed. The order of the steps 
housing and electrolyte filling vary depending on the kind of 
housing that is used. The electrolyte for lithium-ion batteries 
contains fluorine compounds, so the process of electrolyte 
filling is carried out under inert and dry atmosphere in order to 
prevent chemical reactions that alter the electrolyte and form 
corrosive components (e.g. hydrofluoric acid). Because of this 
and amongst others the sealing of the cell is usually performed 
under vacuum. [1]  
After sealing the cell is assembled and can be 
electrochemical characterized. The characterization consists of 
the formation where the initial electrochemical active parts of 
the battery are formed. After the formation various test of aging 
or performance can be performed. Detailed methods for testing 
shall not be topic in this paper and can be found in common 
literature. 
For the development of new materials or new processing 
strategies the process steps of electrode production are varied. 
The steps can be processed with a huge variety of machines and 
machine parameters. In order to find good processing strategies 
for the material a lot of research can be done on basis of 
knowledge, but many parameters have to be varied repeatedly 
and evaluated experimentally with test cells. In order to evaluate 
the influence of the electrochemical performance of these 
variations, a test cell has to be assembled and tested.  
The cell assembly and conditioning have to be performed 
accurate and reproducible. All non-reproducible errors that are 
performed during the cell production and conditioning affect 
the results of the electrochemical performance test of the cell. 
With this dependence, small improvements of the electrode 
production can remain undiscovered because of errors in the 
assembly. There are different ways and established methods to 
assemble full-cells for material evaluation.  
2.2. Manual pouch cell assembly 
A common and established way to evaluate the material 
performance of full-cells is using pouch cells. Figure 2 shows 
the components and assembly of such a cell. The anode and 
cathode are confectioned into the shown shape with a current 
collector on one side during tailoring. 
The two electrodes are placed over another with a sheet of 
separator and form the package. The current collectors of the 
electrodes are bonded to terminal tabs, that reach out of the 
housing later. After this step a housing of pouch-foil is created 
by sealing the foil together on three sides. The housing is 
brought to an inert atmosphere where electrolyte is filled in. 
Afterwards the cell is exposed to a vacuum where the housing 
is finally sealed on the fourth side and then prepared for the 
conditioning and electrochemical characterization.  
2.3. Specialized test cells 
Besides the described pouch cells there are a few commercial 
systems available, that are specialized to the evaluation of 
battery materials by design of a fixture and the housing. All 
systems aim to simplify the assembly process and increase the 
confidence level of the experiments. This is reached by a 
number of design features, which differ the assembly of this 
cells from the described pouch cells. 
The systems usually consist of a housing, where the 
electrodes can be placed. In some systems the separator has to 
be placed as well, others have the separator fixed to the housing 
in a defined position. Some housings support the alignment of 
the elements with a spigot, otherwise the operator has to place 
and center the elements with a pair of tweezers or a vacuum 
pipette. After the positioning the elements are being wetted with 
electrolyte. The housing is sealed and fixes the separator and 
the electrodes in their current position. Afterwards the test cells 
can be conditioned and electrochemical characterized. 
Fig. 1: Process chain lithium-ion battery production  
(TU Braunschweig – Battery LabFactory) 
Fig. 2 Electrodes with tabs (a) cell compartment with housing (b) 
and assembled cell (c) 
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2.4. Limitations 
The different methods of assembling a test cell with pouch 
or specialized systems have some restrictions to the process of 
test cell production. For research of new materials, a lot of 
material samples have to be manufactured and tested. This 
means that a lot of time is needed by the operator to assemble 
all the samples and provide them to the electrochemical 
characterization. Besides this economical aspect there are 
mainly quality based aspects.  
Manual processes always imply a variation of the process 
parameters (e.g. position) and restrict the informative value of 
the characterization. Experiments showed, that the performance 
of assembled pouch cells of the same material varies between 
different operators that build the cells. On the one hand, this 
variation can occur between different operators but on the other 
hand also within the performance of the same operator.  
Another restriction is caused by the manual handling of the 
materials. The coating of electrodes and the separator are very 
sensitive materials. A non-reproducible handling, e.g. with 
tweezers, can induce stress to the materials and lead to minor 
variations in the quality of the coated material and separator. 
This influence increases with the use of specialized test cells 
because of the small materials samples that usually are used.  
3. Sources of errors 
For the design of an automated system for the evaluation of 
materials for battery research, the requirements of the system 
have to be identified. As already mentioned there are a few 
sources of errors that can occur during the assembly process and 
influence the results of the electrochemical characterization. 
Based on literature research and experimental studies at the 
Institute of Machine Tools and Production Technology and the 
Battery LabFactory of the TU Braunschweig there were 
different main impact factors identified during a Failure Mode 
and Effects Analysis. 
3.1. Geometrical displacement  
One major source of error is the geometrical displacement of 
the anode and cathode. The geometry of the anode and the 
cathode have to be aligned exactly to each other at the assembly. 
The errors can result from translational displacement, rotational 
displacement and overlap. In order to study the influence of the 
parameters translational displacement and overlap on the 
electrochemical performance experimental studies were 
performed at the IWF. [3] 
In the experiments, test cells which contain MCMB anodes 
(55x55 mm) and NMC cathodes (50x50 mm) were assembled 
in five different configurations with a duplicate sample size of 
5 cells each. One set of reference cells with a common center 
point was assembled as well as sets with translational 
displacement of 1 mm, 2.5 mm, 5 mm and 7.5 mm. The 
displacement of 2.5 mm means that the edges of the anode and 
cathode are fitted to each other, the displacement of 5 mm and 
7.5 mm result in an overlap of 95% and 90%. The test cells were 
tested with a formation, cycled 200 times at a charge and 
discharge rate of 1 C each and the analyzed. Additionally, the 
cells were charged and discharged up to 3 C every 50 cycles. 
Figure. 3 (a) shows influence of the displacement on the 
Coloumbic Efficiency. This describes the ratio of the energy 
stored to the battery and taken out again. During the first cycles 
there usually are some losses due to the energy converted in 
electrochemical reactions to shape the active layers in the cell. 
The analysis shows that the not fitted compartments need more 
cycles to reach a stable level near 1.0, while the reference cell 
and the cell reach a stable level much faster. 
Additionally, the discharge capacity reduces with higher 
displacement, especially when the overlap is reduced (see 
figure 3 (b)). The small displacement of 1 mm reduces the 
capacity for the first 100 cycles and converges to the value of 
the reference cells with increasing number of cycles. 
The tests also showed an increasing failure rate for cells with 
higher displacement). An especially critical value could be 
found when the edges of the compartments fit to each other. 
Here could be found a failure rate of 100 %. [3] 
The experimental studies showed that the geometrical 
displacement has a major influence on the electrochemical 
performance. While some variations can have a fatal effect on 
the performance such as the failure rate, some other variations 
diminish performance in a weaker effect. The displacement of 
1 mm shows little influence on the discharge capacity after 
200 cycles. However, the number of cycles has to be increased 
in order to get a result on the same level as the reference cell, 
which results in more required time during evaluation. 
Additionally, the displacement of the electrodes depends on 
their geometry and size. A displacement of 1 mm has lower 
influence on the experimental examined anodes and cathodes 
than small ones, e.g. with a size of 10x10 mm 
3.2. Invariances in electrolyte filling 
To establish and maintain the electrochemical processes in 
the cell the electrolyte is needed. At the formation electrolyte 
Fig. 3 Coloumbic Efficiency (a) and Discharge Capacity (b) 
(according to [3]) 
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reacts with the surface of the electrodes and forms the SEI, 
which influences the performance of the battery cell. [4] 
The critical parameters of the electrolyte filling are the 
amount of fluid, the flow rate and the position of dosing. With 
these parameters a more reproducible electrolyte filling can be 
performed. 
3.3. Surface damages 
The electrodes for test cells consist of cut copper or 
aluminum foils with a single sides coating of active material. 
Depending on the used devices, the handling of electrodes can 
induce stress to the material and damage the coating. 
Additionally, the material of the handling-devices can 
contaminate the electrodes and affect the cell. [5]  
3.4. Invariances of mass loading 
When battery cells are developed one aspect is the thickness 
of the coating of the anode and cathode. The thickness results 
from the required mass loading, which has to be applied in a 
defined ratio to the anode and cathode. Invariances of the 
coating lead to invariances of the electrochemical performance, 
so the mass loading of the electrodes has to fit in order to 
achieve a better performance. [6]  
3.5. Conclusion 
The described errors have an influence on the 
electrochemical performance of the cell. In order to design a 
system for the automated and reproducible evaluation of test 
cells all this influences have to be considered. The described 
effects can be seen in their quantity only for the examined 
material and electrode geometry. Additionally, the mass loading 
of the electrodes depends on the dimensions of the electrodes. 
The electrodes used in the experimental study were configured 
for manual assembly. For an automated process the electrodes 
can be redesigned to save material. 
Some of the described challenges can be solved by well-
designed fixtures for manual application. Some suppliers offer 
fixtures that can center the electrodes mechanically and allow 
the electrolyte to be filled in at a defined spot. But to gain a 
capable test cell assembly with a higher throughput for an 
effective material research an automated system is required. 
4. Technical solution for manual approaches 
An automated system offers solutions to all described 
challenges with an anticipated proper efficiency and speed of 
production. An automated handling system with camera 
assistance can pick and place the separator and the electrodes 
with a high accuracy and reproducibility to each other. The 
camera is used to measure the position of the electrode in 
relation to the robot’s coordinate system. The robot control 
combines the measured origin and target position of the 
electrode to an appropriate compensation vector for the correct 
placement of the object. This ensures a low variance in the 
translational and rotational alignment. As an additional benefit 
the overlap of the anode can be reduced, which saves prototypic 
material, costs and time. The accuracy of the handling device 
has to be chosen according to the dimensions of the electrodes 
and according to the desired time for evaluation as described in 
section 3.1. A system with higher accuracy results in faster 
evaluation and reduced material costs while a system with lower 
accuracy requires larger electrodes and material and/or more 
cycles for evaluation. In dependence of the geometry of the 
electrodes, industrial handling devices, such as compact 
SCARA-systems or gantry system, feature sufficient accuracy 
for such kinds of tasks.  
A handling system for sensitive materials can be equipped 
with different grippers. Literature research and experimental 
studies at the IWF showed, that different grippers for sensible 
material have different impact on the materials [3, 7]. 
Particularly suitable are low vacuum suction grippers. Stiff 
vacuum grippers with a highly porous surface induce little stress 
to the electrodes. The force for gripping is generated through a 
wide effective area of contact which requires only a low 
vacuum. This reduces the stress to the material. The choice of a 
chemical inert material for the gripper does also avoid problems 
with contamination of the electrodes’ surface as performed with 
suction cups. The gripper has to pick the electrodes parallel to 
the surface. Otherwise additional stress is induced with the edge 
of the gripper. This requirement does not enable low vacuum 
suction grippers to be used manually. The reduced stress to the 
material reduces the possible damages to the surface of the 
electrodes and increases the potential reproducibility. The 
necessary vacuum level depends on the porosity of the material 
of the gripper and the porosity of the porosity of the electrodes 
and has to be evaluated specific to the material. 
The process of electrolyte filling has to be controlled in order 
to ensure a reproducible process. This can be performed by an 
automatic metering unit in combination with a handling device. 
This enables the reproducible dosing of a defined volume of 
electrolyte at the same spot with the same flow rate. 
Additionally, the ratio of the mass loading of the anode and 
cathode has to match according to the specified material. In 
order to identify the variances, the loading has to be measured 
before the cell is assembled. The loading can be calculated and 
checked by geometrical and gravimetrical properties of the 
electrodes, which can be matched with the proper electrodes to 
a representative test cell according to the test parameters. 
5. Design of an automated system 
To implement the discussed technical solutions into an 
automated system an approach of design is required. At first, 
necessary components of the system are deduced from the 
analysis of the process chain. Then the possible influences are 
estimated to their influence on the critical sources of error. At 
last the final system and the required parts are designed in 
dependence on VDI 2221 and discussed afterwards. 
5.1. Analysis of the process chain 
Figure 1 shows the process chain of lithium-ion battery 
production. The key processes the automated system has to 
perform are the steps of cell assembly, which consists of the 
process steps drying, packaging, bonding, electrolyte filling and 
housing. The tailoring is a process that can be seen as a 
standardized preconditioning of the test cells depending on the 
technology that is used (laser or die cutting). The influence of 
variations of the cutting process has its own influences to the 
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material that shall not be topic of this concept. The following 
processes of cell conditioning and testing are not taken into 
consideration because with these steps the evaluation of the 
electrochemical performance does already begin. In these steps 
no changes to reproducibility can be done by assembly. 
The drying has to remove the moisture and remaining solvent 
into the electrodes to a reproducible level. 
The steps packaging and housing have to ensure the accurate 
translational and rotational positioning of the electrodes to the 
housing and each other considering the overlap and surface 
damages on the electrodes during positioning.  
The electrolyte filling has to be designed in view of the 
reproducibility of the amount of dosed electrolyte and the 
position of the application. Additionally, this process step has 
to take place in an inert or dry atmosphere to avoid the reaction 
of the electrolyte with water. This reduces the performance of 
the cell and the reproducibility of the testing. 
The bonding has to make sure the electrodes are contacted 
from the current collector to an interface for testing, which 
requires reproducible contact resistance between the elements. 
The possible invariances of mass loading require an 
additional step in the process chain when the variance cannot be 
guaranteed from the electrode processing. A precise scanning 
of the contours and weighting of the electrodes is necessary. 
5.2. Weighting of influence and complexity 
The influence on reproducibility of the process and the 
technical complexity have to be weighted in order to design a 
system. The complexity describes the amount of technical 
operations to be performed in this process step and the effort a 
technical realization requires. 
The discussion of sources of errors showed, that errors for 
the variance of the electrochemical performance can occur 
especially in the steps packaging, electrolyte filling and 
housing. The influence of the drying and bonding is less 
important but requires also a reproducible state of the product.  
The technical complexity of the realization in this early stage 
of development can be estimated on basis of experience on other 
systems. The complexity of drying is low because of the low 
technical demands. A vacuum oven can fulfil the task. 
The complexity of the packaging and housing process is very 
high. Here is a handling system required that can perform the 
positioning and assembly of the electrodes and the separator 
with high reproducibility and little induced stress. An additional 
camera system can support the positioning process and increase 
the complexity of the solution. 
Depending on the housing that is used the bonding can have 
little to medium complexity. For test cells a mechanical 
clamping of the electrodes to conductors is possible so a 
complex welding processes can be avoided. 
For the electrolyte filling a medium complex solution is 
proposed. The reproducible positioning for the dosing can be 
done by simple kinematics. The precise dosing of the corrosive 
electrolyte with little tolerance of reproducibility is more 
complex. Here a specialized metering unit will be needed. 
Table 1 shows the different weightings in summary. The 
different weightings show that there are process steps that 
should be automated before other steps in order to gain a more 
reproducible outcome of the experiments. Others steps have less 
impact but are less complex to realize in a technical system 
because of the low complexity. Additionally, the link between 
the process steps has to be analyzed in order to prevent 
solutions, that need a manual and automated interaction on 
following processes or bottleneck processes. 
Table 1 Weighting of influence and complexity 
Process step Influence Technical 
complexity 
Necessity of 
automation 
(Tailoring) (-/o*) (+/o*) (-/o*) 
Drying o - - 
Packaging + + + 
Bonding o -/o* o 
Electrolyte filling + o + 
Housing + + + 
Legend: +: high o: medium -: low 
*depending on technology 
With these derived requirements the design of an automated 
system can be performed. A proposal for such a design is 
explained and discussed in the following sections. 
5.3. Required parts of the system 
General 
The whole system has to be encapsulated into a dry 
environment. Only the process of electrolyte filling requires a 
dry atmosphere. The whole system gets encapsulated because 
of possible contamination of the electrodes during the time in 
the system. Otherwise, the electrodes get contaminated from the 
humidity in a non-encapsulated environment, so water can 
deposit into the electrodes. 
 
Heated antechamber with automated lock 
At the beginning of the production process the required material 
for the assembly is brought into the antechamber manually (A). 
Here the remaining water is vaporized out of the material. 
Afterwards the material gets transferred to the encapsulated dry 
environment automatically, where the material is transferred 
and gets provided for the following process steps (B). The 
required components consist of the electrodes, the separator and 
the parts of the housing that are stored in magazines within a 
tray that is matched with the geometry of the antechamber. 
 
Incoming components inspection 
In order to maintain a constant ratio of the mass loading of the 
anode and cathode, the mass per unit area has to be measured. 
For this purpose, a precision balance is combined with a camera 
inspection (C). The camera measures the area of the electrodes 
and the coating, while the scale determines the weight. With 
Fig. 4 Overview of the automated system with an exemplary  
robot system and housing 
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knowledge of the thickness of the foil from the current collector 
the mass loading can be calculated. The electrodes then can be 
classified, stored and provided single for the assembly (D). 
 
Cell assembly, electrolyte filling and handling system 
In this sub-system the classified electrodes are assembled to a 
package, filled with electrolyte and sealed into the housing (E). 
The electrodes are handled with a low vacuum suction gripper 
made of PTFE, which reduces the induced stress of the 
electrodes and prevents contamination. Additionally, a 
changeable gripper of the anode, cathode and separator has to 
be used in order to avoid contamination between the electrodes.  
The assembly station is provided with a handling system for the 
positioning that also performs the material transport within the 
system. The first part of the housing is transferred from the 
providing area to a fixture in the assembly station. After this the 
first electrode is taken from the storage rack and gets camera 
guided put in the housing. The trajectory of the electrode 
transfer in the system is adapted to the layout of the system. This 
prevents particles of one electrode to drop on another electrode 
when the handling system passes over its position. The 
separator is positioned the same. After this the separator and 
first electrode get wetted with electrolyte. The electrolyte is 
dosed with an automatic dispenser (F), that moves its dosing 
nozzle linear over the fixture with the cell. After this the second 
electrode is positioned and the housing is closed and sealed by 
application of the second and last part of the housing. 
 
Antechamber with automated lock 
Before testing the material has to be locked out of the 
encapsulated environment (G). The assembled cell is 
automatically transferred from its position in the assembly 
station to an antechamber, where the cell is ejected and can be 
taken into a testing device manually. Here the electrochemical 
performance can be evaluated. 
5.4. Discussion 
The basic idea to keep the whole assembly system in an 
encapsulated environment enables the system to be placed into 
a laboratory with common environmental conditions. No extra 
periphery is needed. An alternative approach would encapsulate 
only the electrolyte filling. This would reduce the amount of 
necessary encapsulated environment but would require to set 
the machine to a conditioned room (e.g. dry room) in order to 
prevent the electrodes from wetting with environmental 
humidity. Depending on the available technical facilities of the 
applying institution this change can be useful. But for a broad 
purpose and to reduce the need for additional complex technical 
and expensive systems the assumption of complete 
encapsulation was made. 
Furthermore, a full automated solution was sought. For a low 
cost automation only the key processes can be considered 
without any links between the processes. This would lead to a 
reduced solution without automatic transfer between the 
stations and a much higher requirement of space between the 
different stations because of accessibility. 
The system boundary can be expanded the cell conditioning 
and testing. This would increase the size of the system and 
reduce the operator’s interaction with the system. Because the 
testing is performed automatically at an potentiostat according 
to user defined routines, the testing is not considered. The 
automatic removal from the system, transfer to a testing station 
and the automated connection to the testing device is possible. 
But this step does not increase the reproducibility of the testing 
so these functions are not included into this concept. 
6. Conclusion 
The electric mobility requires cheap batteries with high 
capacity and performance in order to be successful. For this the 
research on new materials for battery production is an essential 
challenge. To increase the speed of material research the manual 
evaluation processes have to be automated an improved. 
This paper proposes a design for an automated system for the 
evaluation of materials for battery research. Due to a highly 
automated and reproducible assembly of test cells the 
information value of the electrode processing is increased, 
which offers a more specific development of electrode 
materials.  
In order to design such a system a detailed analysis of 
possible failure impacts on the assembly process, identification 
of technical solutions and the weighting of its possibilities and 
technical complexity is performed. Based on these 
examinations a proposal for an automated system was designed 
and discussed. 
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